Stress development  and relaxation during sputter deposition film growth by Meng, Fanyu
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2015
Stress development and relaxation
during sputter deposition film
growth
https://hdl.handle.net/2144/13673
Boston University
  
BOSTON UNIVERSITY 
 
COLLEGE OF ENGINEERING 
 
 
 
 
 
Thesis 
 
 
 
 
 
STRESS DEVELOPMENT AND RELAXATION DURING SPUTTER 
 
DEPOSITION FILM GROWTH 
 
 
 
by 
 
 
 
FANYU MENG 
 
B.Eng., Shanghai Institute of Technology, 2013 
 
 
 
 
 
Submitted in partial fulfillment of the 
 
requirements for the degree of 
 
Master of Science 
 
2015 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 © 2015 by 
  FANYU MENG 
  All rights reserved 
  
Approved by 
 
 
 
 
 
 
 
First Reader   
 Karl F. Ludwig, Jr., Ph.D. 
 Professor and Chair of Physics 
 Professor of Materials Science and Engineering 
 
 
 
 
Second Reader   
 David Bishop, Ph.D. 
 Professor of Electrical and Computer Engineering 
 Professor of Materials Science and Engineering 
 Professor of Physics 
  iv
ACKNOWLEDGMENTS 
I want to thank my parents, who have been supporting me to study aboard and 
always be my back when I was lost and hesitate. Thanks to my girlfriend, who has been 
there for me when I was working on data analysis, writing, and doing all the works. 
Without you guys, I cannot finish this research and thesis. 
I don’t know how to express my thankfulness by words to my advisor, Professor 
Karl Ludwig. Everyone would say something about his or her Professor, good or bad. I 
can only find good from him. To me he is the greatest Professor in the world. He is a pure 
scientist, an excellent teacher, as well a great man, who truly knows physics and always 
being kind to everyone he knows, supporting me, giving me the answer when I was 
confusing. I’m looking forward to see him winning a Nobel Prize in the near future. He 
truly can. 
I want to give my full thankfulness to all Professors who gave me lectures in BU, 
especially Professor Bishop. From him I learned not only knowledge, I learned passion 
for science, for engineering. He didn’t just have this passion, but also passed it to me, to 
everyone who was sitting in the room. When I saw his title of Professor in three 
departments or divisions, I was like “wow looks like this man is a truly scientist” and 
after attending his lecture I knew he is. 
  v
Christa, Godze, Mahsa and Emily, thank you for all the help to get me this far. 
People always say teamwork blah blah, while I see teamwork, involve in teamwork, 
really work as a team, all because of you.  
  vi
STRESS DEVELOPMENT AND RELAXATION DURING SPUTTER  
DEPOSITION FILM GROWTH 
FANYU MENG 
Boston University College of Engineering, 2015 
Major Professor: Karl F. Ludwig, Jr., Ph.D., Professor and Chair of Physics, Professor  
 of Materials Science and Engineering 
ABSTRACT 
    The stress development and relaxation of magnetron sputtered copper and 
amorphous-silicon (a-Si) films at room temperature are studied. Samples were prepared 
as a function of pressure and deposition power. In-situ stress measurements with the 
wafer curvature method were made using a helium neon gas laser system with a 10mm 
beam splitter. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) 
were used to perform post-growth microstructural and surface analysis. SEM 
cross-section analysis was used to determine the final film thickness. Phase compositions 
were studied by X-ray diffraction. 
    The growth rates of copper films decrease with increasing pressure. Copper film 
stress development follows a non-monotonic compressive, tensile then further tensile 
relaxation curve. In order to investigate further the nature of the stress relaxation, stress 
curves both after deposition is stopped and after it is restarted are also measured. 
Correlations between growth rate and pressure are also observed in a-Si sputter 
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deposition. In some contrast to what was observed for Cu deposition, stress measurement 
during a-Si deposition shows a trend of tensile development and relaxation at all 
pressures studied.  
    In a new approach to understanding stress relaxation during film growth, an acoustic 
emission (AE) system is introduced to measure the AE energy during sputter deposition. 
Evidence shows a certain relation between the strain energy of films calculated using the 
measured stresses and AE energy recorded during the deposition. AE energy occurs 
immediately after deposition starts and follows the trend of stress development 
(increasing hits and energies) and relaxation (decreasing hits and energies). No further 
signal was detected after deposition, matching the results of stress curve measurements 
showing that stress magnitude after deposition stays at the same level as before 
deposition stopped. Results also show a lower AE energy magnitude with increasing 
deposition pressure. 
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1 INTRODUCTION 
1.1. Stress in Thin Films 
Thin films play an important part in peoples’ lives with wide applications. Electronic 
semiconductor devices and optical coatings, for example, are some of the areas most 
benefiting from them. One of the most powerful techniques in thin-film deposition is 
magnetron sputtering deposition.[9] In brief, sputtered films have better properties than 
those produced by evaporation sources in manufacturing industry. Sputtered and 
bombarding particles hit the substrate with higher kinetic energies. These particles can 
increase the mobility at the film surface during the growth process, and with the local 
effective temperature increasing, the film can have a better microstructure or adhesion to 
the substrate.[11] Sputter deposition is a type of physical vapor deposition. In this method, 
gas molecules knock atoms out of target materials under a low gas pressure. Plasma is 
generated in the heated gas by a microwave generator, creating energetic ions. These ions 
are knocking atoms out from the target. As a result, the disintegrated materials leave the 
target surface as free atoms and condense on surfaces nearby, as shown in Fig. 1. 
Magnetrons are mostly used in sputter deposition techniques in order to have strong 
magnetic fields to confine charged plasma particles close to the target. There are several 
types of sputter deposition: Ion-beam sputtering is a method in which the target is 
external to the ion source and it can work without any magnetic field. The energy and 
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flux of ions can be controlled independently; Reactive sputtering has chemical reaction 
between the target and gas. In ion-assisted deposition, a secondary ion beam is used on 
the substrate so it can operate at a lower power than the sputter gun. In this study, RF 
mode magnetron sputtering deposition is used on all samples. Radio Frequency (RF) 
sputtering, in which the anode-cathode bias varies at a high rate, is used when insulating 
targets are the source. RF is used to avoid charge build-up. Targets in this case are 
magnetically attached to the cathode and draw the ionized gas molecules to bombard the 
materials. Inert gas (Argon) is chosen usually as the sputtered gas for the reason that it 
will not chemically react with the materials being deposited. Meanwhile it has low 
ionization potential.  
In general, residual stress in a material is the internal stress distribution presented in 
the system.[2] In this system, there’s no applied traction at external boundaries. The term 
residual stress gives the implication that if the restriction of the substrate is freed, so will 
be the film. The in-plane dimensions of the film would be changed[2], and that gives us 
the changing curvature we are going to use later. Two types of stress are distinguished: 
intrinsic stress and extrinsic stress. The intrinsic stresses (also called “growth stresses”), 
which from the literal meaning, are developing in films that grow on substrates or 
neighboring layers. The conditions they depend on are mostly the temperature and flux 
rates. The power of the source is another condition that will be investigated in this study. 
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In a previous study, Chason’s group observed a higher tensile stress developed in copper 
films when increasing the power, but different conditions occurred in tantalum films.[8] 
The assumption is that higher power applied between electrodes would generate higher 
adatom energy, or at least a wider energy distribution of sputtered atoms. With higher 
power, more thermal energy might be given around the target to a have stronger plasma, 
resulting in a higher percentage of ions. Extrinsic stresses, on the other hand, arise only 
when the film and substrate are bonded; even sometimes it’s quite vague to tell these two 
types of stress clearly. 
1.2.  Stress Measurements 
The in-situ monitoring of the substrate’s curvature has been used as the common 
technique of stress measurement.[8, 10, 14, 17] With this technique, growth stress both in 
polycrystalline and amorphous films was studied by many researchers.[1, 2, 8-10, 14, 17] Film 
growth in the Volmer-Weber (VW) mode, especially, was examined. The stress 
Argon 
Target 
Substrate 
           Fig. 1 Schematic of sputtering process. 
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generation and relaxation process was reported to be compressive at the first stage of 
growth, tensile after, and back to compressive again as the film thickness continued 
increasing. The initial compressive stress can be explained as the lattice spacing 
difference between isolated crystallites and the bulk crystal under the same condition.[2] 
The origin of this attribution comes from the observation of the various lattice constants 
with one of the solid phases’ dimension smaller than about 10 nm. The difference then 
arose from the surface stress as they hypothesized.[18] When the elastic strain in the 
crystallites comes to the step of relaxation, the surface of each crystallite would become 
larger and internal stress becomes smaller. It happens before islands coalesce to form a 
continuous film. The membrane force thus goes from inside the film to the edge of the 
film. This trend is forced due to the constraint from the substrate, presumably. During the 
relaxation process mentioned before, an internal strain, other than surface stress-balanced 
strain, is generated. Meanwhile it’s unbalanced in the grain itself, and it’s transferred to 
deform the substrate. While the substrate, if relatively thick comparing to the film, would 
also have a force to make it equilibrium. Once the islands tend close the gap between 
each other (or called “mutual impingement[2]), positive-trending stresses are generated.  
    Seel et al.[1] presented a model that predicts the kinetics of tensile stress evolution of 
high adatom mobility fcc materials such as Cu, Ag and Au, which grow by the VW- 
mechanism in room temperature. As showed in Fig. 2, the generation of tensile stress, 
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which was attributed to the impingement and coalescence of growing islands, was 
presented to give evidence of the hypothesis that small gaps could be closed by creating 
grain boundaries[2,19]. Two types of island coalescence were presented in their model, as 
shown from Fig. 2 (c). In the traction condition, the island stretched towards the grain 
boundary to get rid of part of the surface. Since island movement was constrained by this, 
tensile stress was generated in the island. In sliding condition, islands moved their center 
towards the grain boundary during the “zipping” process. This process resulted in small 
compressive stress. The explanation of which one did occur was that without traction, no 
load transfer between the island and substrate could happen, leading to a situation that 
stress would not result in a substrate curvature. Based on their experiments, they 
introduced a mechanism that when islands coalesce, large shear stresses are generated 
near the grain boundary due to the displacements. These displacements resulted from 
“zipping”. These shear stresses can drive the movement of dislocation-like entities along 
the interface of the film and the substrate away from the grain boundary. When this 
dislocation travelled across the entire island, each island would have coalesced with at 
least two neighboring islands. These movements of dislocation-like entities would be 
opposed by shear stresses from previous coalescence. What they expected was that it 
would be inhibiting the island sliding if one island is surrounding by other islands. 
Consequently, the subsequent coalescence of an island would generate tensile stress, and 
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by introducing the “traction” between island and substrate, the tensile stress would 
leading to substrate curvature. Fig. 2 (d) presented by Seel’s group was showing a stress 
relaxation process. It was a model that showed the process of diffusion at the stage of 
tensile relaxation. The model indicated that the tensile stress relaxation process was 
achieved by surface diffusion into grain boundaries as the film thickened at later stage.  
    The strains created by island coalescence were hypothesized to result from localized 
surface displacements. Consequently, matter diffusing to the grain boundaries can relax 
all of the tensile stress generated by island coalescence. The energy transformation during 
this process was explained by energy of the surface area being transferred to elastic 
deformation to affect the gap closure. Also, from the simulation results, increasing 
temperature could limit the relaxation rate. The development of compressive stress from 
tensile was studied by some groups in recent years. Fig. 3. (a) presented by Floro’s 
group[10] showed a schematic of film growth process by VW-mode. To see it in separate 
components, they discussed the stages of nucleation of discrete islands, island growth, 
impingement and coalescence, percolation of the island array and boundary filling. Films 
can be polycrystalline or amorphous, depending on the materials and deposition condition. 
For polycrystalline thin films, an additional process, grain coarsening can occur during 
and after coalescence. Observations of compressive stress generation and relaxation were 
made by different groups in different angles and concentration. A study from the Spaepen 
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group has observed that the presence of only a few excess atoms will result in increasing 
the stress level.[20] The excess atoms, on the other hand, are enduring a force to get 
expelled from grain boundaries. J. A. Floro et al.[10] observed a generic stress evolution 
from compressive to tensile, and then back to compressive stress as the deposition 
process proceeded both in amorphous and polycrystalline Ge and Si. The results of 
experiments with Ge showed that the relaxation of tensile stress only occurred when the 
temperatures were increased to a certain level. In this study, when film growth became 
continuous, stress relaxation was suppressed. The presumption comes from the model 
that with the film thickness increasing, atoms are in excess on the surface due to the 
deposition flux and film microstructure. From the aspect of energy levels, these excess 
atoms have the highest energy compared to the incorporated surface atoms and also, 
interior atoms. Surface atoms cannot be moved to interstitial sites of the film because of 
insufficient thermal energy. Based on a model introduced by Chason et al.[21], there’s a 
driving force that the surface energy could be reduced by migration of the surface atoms 
into the grain boundaries. These atoms, originally from excess atoms, are the ones that 
created compressive stress. In the later stage, the compressive average stress goes to a 
steady-state with a fixed growth flux when there’s a balance between the driving force 
and increasing magnitude of compressive stress.             
In a previous Cu deposition study it was hypothesized that the peening mechanism 
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of inducing film stresses was dominant under lower pressure.[12, 13] This is in contrast to 
earlier stress development studies, which mostly attributed stress development to the 
incorporation of Argon atoms both at low (around 0.3 Pa) and high (around 1.5 Pa) 
pressure. From Pletea’s results, a high difference in stress development between low 
pressures (0.05~0.2 Pa) and high pressures (2~6 Pa) was observed. Under low pressures, 
films developed compressive stress with a maximum of around 200 MPa. At high 
pressures, tensile stress was observed especially after 100 nm deposition. Meanwhile they 
believed that there was a transition range of stress developing between low pressure and 
high pressure around 0.5 Pa. In this range the stress behaviors are characteristic for both 
those behaviors that appeared at low and at high pressure. Curvature measurements of 
transition metal nitride thin films were leading to the same conclusion: Two kinetic stress 
(intrinsic stress and thermal stress) generation mechanisms were introduced. “Atomic 
peening” was hypothesized to be the cause of compressive stress and tensile stress was 
hypothesized to be a consequence of surface roughness.[13] In recent works, as Chason’s 
model[8] predicted, when deposition was stopped, tensile stress decreased under low 
mobility at all pressures set. The explanation can be made by Chason’s earlier works. In 
Fig. 3. (b), a model of atoms flowing into grain boundaries is shown.[21] Chemical 
potential increased during deposition, which leads to the generation of compressive stress. 
Chemical potential increasing at the surface induced atoms to flow into the grain 
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boundary, and created compressive stress. This result was also a further explanation to 
the previous review that the surface chemical potential is elevated relative to its 
equilibrium value and this drives excess atoms into the grain boundary inducing a 
compressive stress in the film. When deposition stopped, the surface chemical potential 
would decrease and result in the relaxation of compressive stress. Meanwhile research 
demonstrated the same results as before, the curvature reveals compressive stress at low 
pressure and tensile at higher pressure, but independent of the adatom mobility.  
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The study of stress development during magnetron sputtering deposition is 
imperative to broader applications of thin films. As early as the nineteenth century, 
residual stress and the effects of cracking in film deposition were recognized.[2] G. G. 
(c) 
Fig. 2. Schematic of the island impingement and coalescence process resulting in tensile 
stress generation, presented by Seel et al.[1] (b) was presented by a two-dimensional element 
under plane strain conditions. (c) was showing two conditions of island coalescence: traction 
and sliding. (d) presented a stress relaxation mechanism with a diffusion process of atoms. 
(d) 
(a) (b) 
Fig. 3. (a) is microstructural evolution of thin films growing in the Volmer– Weber mode, 
presented by J. A. Floro et al.[10] (b) is the schematic of the model for flow of atoms into the 
grain boundary during film growth presented by Chason’s previous work.[21] 
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Stoney[3] observed that the deposition of metal film caused conditions of tension or 
compression that bend the thick substrate even though there were no external forces that 
were loading the sample. After that, tensile and compressive stress generation and 
relaxation measurements have been performed by many researchers. 
     
Fig. 5. Schematic diagram of the chamber setup of the stress measurement from the top. 
Fig. 4. (A) shows the beam pathway before the deposition starts. Both the entering and 
exiting beams are parallel if the substrate is flat. (B) shows the changed beam path due 
to the curving substrate. 
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The “Stoney formula” is: 
 =
6
ℎ

 
  The mean stress in the film is: 
	
 =

ℎ
 
    In these equations,  represents the inverse curvature, 


, and  is the membrane 
force in the film. ℎ and ℎ are the thickness of the film and substrate, respectively. 
The Ms in the Stoney formula means the biaxial modulus of the substrate material:  =
/(1 − ), where  is the Young’s modulus of the substrate, and  is the Poisson’s 
ratio of the substrate.  
  The sign of curvature is the same as the sign of .[2] In the case that the face of the 
substrate bonded to the film becomes concave, it is a tensile mismatch stress; if the face 
of the substrate bonded to the film becomes convex, it is a compressive mismatch stress.  
1.3.  Acoustic Emission 
    Acoustic emission (AE) technologies have been widely used in mechanical 
performance testing, source locating and monitoring the safety operation of a structure. 
Acoustic emission is the technical term for the noise emitted by materials and structures 
when they deform to release stress. It’s a natural phenomenon of radiation of elastic 
waves in solids when producing materials with internal structure or small surface 
microstructure that is changing. That’s also an important difference with conventional 
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ultrasonic testing, and furthermore, it can track the cracks or stress during the formation, 
rather than locate them afterwards. It is well known to be occurring during the processes 
of mechanical loading of materials and structures accompanied by structural changes. 
When a material, inside or on the surface, is releasing accumulated elastic energy, elastic 
or stress waves can be generated by small surface displacements. Rather than transmitting 
waves, AE systems collect the acoustic waves after they’ve traveled through the material. 
One of the applications of this technique is non-destructive testing, usually taking place 
between 100 kHz and 1 MHz.  
Eduard Vives’ group has concentrated on AE generation during the martensitic 
transition.[4, 5] In his study, avalanches have been quantified by AE systems. That gives us 
the inspiration to use the technique during magnetron sputtering deposition to study the 
relation between stress generation and relaxation and acoustic emission waves generated 
during this process.  
Some groups in the last few years have done research on acoustic emission of thin 
films. X.G. Ma et al.[15] investigated the in situ monitoring of AE when doing 
nanoindentation experiments. The deformation of polycrystalline silicon-carbide thin 
films was detected. The results of the AE investigation about microstructure changes 
associated with nanoscale deformation process have useful value for future study. 
In this study, we introduce a set of experiments to get AE signals during magnetron 
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sputter deposition. During the process, the correlation between stress generation and 
relaxation and AE hits or AE energy is going to be studied. A. Fallahi et al.[22] introduced 
a function to study failure micromechanisms of dual phase steels named the “Sentry 
Function” written as: 
() = 


 
where  is strain energy and  is acoustic energy. Researchers used the shape of 
() to determine the trend of materials failure (sudden drops) and energy storage 
(increasing or decreasing). Considering the strain energy changes related to the stress 
generation and relaxation during thin film deposition, the hypothesis of the connection 
between it with AE energy will be studied in this research. 
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2 EXPERIMENTAL DETAILS 
2.1 Stress Measurement 
2.1.1 Apparatus 
With an RF mode magnetron sputtering deposition system (US Inc., San Jose, CA), 
1.3 inch 99.99% purity copper and 99.999% purity silicon targets (Plasmaterials, CA, 
USA) were used depositing on 170μm thick 99.999% purity silicon (100) substrates 
(Silicon Valley Microelectronics, USA). The substrates were cut into pieces with average 
size of 0.8 cm × 4 cm. 99.999% Ultra high purity argon gas (Airgas, USA) was used as 
the sputtering gas. The pressure in the vacuum chamber before sputtering can be as low 
as 1 × 10-5 Torr, and the sputtering pressure varies from 5mTorr - 15mTorr. The power 
varies from 20 watts - 80 watts.  
The deposition rate was calculated based on cross-section images using high 
resolution scanning electron microscopy (Zeiss Supra 55, Germany), with measurement 
of the average thickness of the deposited films in different areas. The surface morphology 
of the samples was investigated using atomic force microscopy (Digital Instrument, 
USA). The crystallization of Cu and Si were studied using X-ray diffraction using a D8 
DISCOVER system (Bruker, USA) with Cu Kα radiation. 
Real-time stress measurement is typically accomplished with techniques measuring the 
changing curvature of substrate or film, such as multi-beam optical stress sensor 
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(MOSS).[8, 14] In this study, measurements were taken with a helium neon gas 
laser-system (Uniphase, USA) and a 10mm beam splitter (Edmund Optics, Barrington, 
USA). The system generates a laser beam striking the splitter before it goes into the 
chamber and places two parallel beams on the sample in a certain angle and reflected out 
to the camera. As the films were growing, the curvature occurred in the positive direction 
or the negative. As a result, the distance between the two laser dots on the camera was 
changing due to the changing curvature, as shown in Fig. 4. 
As shown in Figure 5, the angle between laser and magnetron sputtering source is 60 
degrees and so is the angle between the source and the camera. The laser system was 
mounted into a glass-window flange to the ultra high vacuum (UHV) chamber and there 
was also a glass-window flange at the reflected side. The two parallel laser beams come 
in, hit on the sample, which is facing the sputtering source at 90 degrees and were 
reflected. The changing distance of two laser dots is thus being recorded by the camera, 
which is taking one shot per 30 seconds. The distance from the sputtering target to the 
sample is 13 cm.  
2.1.2 Experimental Procedure 
Substrates were cut from 100mm diameter undoped silicon (100) wafer. The average 
distance from the sample to camera was 175 cm. The average size of substrates was 0.8 
cm wide, 4 cm length. A clamp was used on the sample stage facing towards the sputter 
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source to clamp the substrate from one side. The sample stage was connected to the top 
flange. A roughing pump (Trivac, USA) and a turbo pump (Pfeiffer Vacuum, USA) were 
used to get ultra-high vacuum condition. The roughing pump was used to pump the 
chamber to a sufficiently low pressure that the turbo pump could be turned on; then it 
served as a backing pump for the turbo. When the pressure reached around 1 × 10-6 Torr, 
Argon gas was flowed in by mass flow controller (Sierra, USA). The typical flow rates 
were 0.6 scc/m ~ 2 scc/m, depending on the materials deposited and the desired pressure. 
During the deposition, a digital camera (Canon EOS, Japan) was set up to record the 
changing laser dots every 30 seconds. After turning on the laser and taking 4 camera 
images as the base parameter, the sputter source was turned on. By eye one can see the 
plasma in the chamber that has the purple color of Argon gas plasma and green around 
the source, if depositing copper. Argon flow rate was adjusted by the mass flow 
controller during the deposition to keep the pressure constant. The results were put into a 
Matlab program to measure the curvature. The program measures the distance changing 
() in every 30 seconds between two dots in each raw image (shown in camera’s screen 
in Fig. 6a) after putting in images before deposition started. After applying the distance 
between sample and the camera, the program calculated  vs. time by curve fitting. 
Then 


 was calculated from the equation[22]: 
1

( ) =
1
!
(
"#$%
2'
)( ) 
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where ! is the initial distance which is taken before deposition started; % is the angle 
between the source and the camera; ' is the distance between the sample and the 
camera. 
 
 
Fig. 6. (a): Picture of the stress measurement setup: front view. (b): Picture of the 
chamber setup: left-side view. 
(a) (b) 
Fig. 7. Sample stage, AE sensor position and clamp design. Foils were used to protect the 
wire from deposition. 
(a) (b) 
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2.2 AE Measurement 
2.2.1 Apparatus 
Acoustic emission (AE) during sputtering deposition was detected using a micro-30s 
miniature sensor (Mistras Group, USA) attached to the back of the silicon substrate. The 
range of the frequency response is 150-400 kHz. The detected signal was amplified and 
monitored by a built-in preamplifier-USB AE node (Mistras Group, USA) with 1 channel 
input, at 20 MHz sampling frequency.  
The AE hits were defined by using a threshold of 35 dB. The analog filter setup was 
between 100-600 kHz which is including the sensor’s frequency response. Referring to 
the waveform detection, the sample rate was set up to 5 MSPS (Mega Samples Per 
Second), meaning that one waveform sample is taken every 0.2 μsec. The pre-trigger 
setup was 256, which tells the software how long to record, so the maximum allowable 
pre-trigger values would be 256/5 MSPS = 51.2 μsec. The hit length was 7k, meaning the 
determination of the size of a waveform message. By selecting 7k and 5MSPS sampling 
rate, a hit length will allow up to 51.2 × 7 = 358.4 μsec of data.  
    The peak definition time (PDT), the hit definition time (HDT) and the hit lockout 
time (HLT) are timing parameters of the signal measurement process. In brief, the setting 
of the PDT ensures correct identification of the signal peak for rise time and peak 
amplitude measurements. Proper setting of the HDT ensures that each AE signal from the 
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structure is reported as one and only one hit. With proper setting of the HLT, spurious 
measurements during the signal decay are avoided and data acquisition speed can be 
increased. The samples we studied were on silicon substrates, so PDT, HDT and HLT 
were set to relatively low numbers, which are 20 microseconds, 100 microseconds and 
300 microseconds respectively. Generally with composites or non-metals, PDT is in the 
range of 20-50 microseconds, HDT is 100-200 microseconds and HLT should be 300 
microseconds.  
2.2.2 Experimental Procedure 
The AE sensor was attached onto the sample stage and, by increasing the height of 
the clamp to the same height as the sensor, a piece of copper metal was clamped to the 
sample stage. It was used as another “clamp” to stabilize the sample and make it firmly 
contacted with the AE sensor so that the system could get as much signal as possible. By 
using this design, the sample was no longer clamped directly by the clamp on the sample 
stage. The advantage of it is that it avoided the situation during the deposition that the 
signal might be lost or weakened by the substrate’s curving.  
A double-sided SMB feedthrough (MDC Vacuum Products, USA) was welded onto 
the top flange to protect a good vacuum environment in the chamber as well as getting 
the connection between the sensor and the monitor system on the air side without cable 
noise. During the deposition, the signal information was including hits, amplitude, 
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waveform, and absolute energy. Every event happened during deposition will be detected 
and recorded by the AE sensor and the node, sending signals to the computer. When an 
acoustic wave is detected, the AE system will record how many hits happened during this 
event and the amplitude under each hit. When there’s a hit, a corresponding waveform 
can be shown by the sensor, which is transforming acoustic waves to electrical signals. 
The absolute energy of each hit will also be calculated by the program. Both hits vs. time 
and energy vs. time can be beneficial to examine in this study in order to see a stress 
development-like trend during deposition process.  
In case to avoid the doubt that the signals might came from the RF source circuit 
noise, an experiment was set up to “shielded” the sample and the AE sensor with 
aluminum foils while depositing. Results showed that no signals were received, which 
means the signals received during deposition were all from film growth. 
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3 RESULTS 
3.1 Stress Measurements 
3.1.1 Copper Sputtered on Silicon 
In Figure 8, curvature development vs. time under different pressures was measured 
by MOSS system presented in Figure 6. Insets presented the initial 15 minutes curvature 
change. Overall trend was that with pressure increased, the curving rate increased. Fig 9. 
shows the stress development during copper sputtering deposition on a 170 μm thick 
silicon substrate. All the films were deposited under 40W RF mode power at different 
sputtering pressures. The samples were grown for different length of times. Based on the 
results shown in Table 1, with pressure decreasing, the growth rates increased.  
 Thickness 
(nm) 
Time of 
deposition 
(min) 
Growth 
rate 
(nm/min) 
Max tensile stress 
value (Pa) 
11 mTorr (Fig. 8 (a)) 580 360 1.62 1.64×108 
11 mTorr (Fig. 9) 42 20 2.1 1.4×108 
9 mTorr 578 240 2.4 1.94×108 
5 mTorr 300 60 5 1.98×108 
Table 1. Table of thickness, deposition time and maximum tensile stress of different 
pressures in copper deposition. 
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A plot of growth rate vs. pressure in copper deposition is shown in Figure. 11. It 
follows the trend of decreasing growth rate with increasing pressure. In this study, a test 
of copper deposition was made to see the lowest pressure that was able to sustain the 
plasma. The lowest pressure it could be made was around 4.5 mTorr – 5 mTorr. Based on 
previous studies,[8, 12] a pressure effect exists that both fewer collisions at low pressure 
and too many collisions preventing ionization at high pressure can decrease the 
deposition rate. Both limitations happened with more clearly defined observation in the 
silicon deposition experiment discussed later. 
In Figure 9 (a), results from real-time experiments of stress evaluation during 
deposition are presented. All results presented a compressive-tensile-compressive trend, 
which agrees with former researchers’ results for film growth following a VW-mode. 
When comparing 5 mTorr with higher pressures, it shows a slower tensile stress 
development process that was also seen by other groups[8, 12] and it is possible that it is 
due to higher growth rate. Fig. 9 (b) is presenting stress development at the early stages 
of growth (first 100 nm). At the very beginning, conditions mostly depended on the initial 
curvature before the deposition, because of the manual loading of the silicon substrate. 
The initial curvature was always subtracted out, but since the average stress requires 
dividing the measured wafer curvature by the film thickness, the initial data taken when 
the film thickness is small is very noisy. After 50 nm growth, a more tensile trend 
appeared with decreasing pressure. 
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    Figure 10 shows experiments of stress relaxation after deposition was stopped. A 
tensile-trend was followed after deposition stopped at 11 mTorr (20 minutes deposition) 
in the process of tensile relaxation. The result is consistent with Chason’s model[21] that it 
was due to the decrease of the surface chemical potential, leading to diffusion of atoms 
from between grains to the surface. In the case of 9 mTorr, when deposition stopped after 
the sample crossed the tensile maximum, the stress curve remained unchanged at a value 
around 2×108 Pascal with a compressive trend before deposition was stopped. Similar to 
that, under 5 mTorr, the stress value remains constant when deposition stopped after 1 
hour’s deposition. Results under 5 mTorr and 9 mTorr show different trends from what 
Chason presented (Appendix 1)[8]. Different results might come from the time that 
Fig. 8. Curvature development vs. Time in copper deposition of different pressures. 
Inset presents the initial 15 minutes curving development. 
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stopped deposition. In this case, observations can be explained by growth in the 
VW-mode, in which grain boundaries were not yet in the filling process (Fig. 3a) so that 
the chemical potential between the surface and intergrain sites was relatively low. In 
results of 9 mTorr, when the deposition started again at 35 minutes, it follows the trend 
before deposition stopped, which is a compressive trend. The observation provides 
evidence to support the explanation above, that it continued the process showed in Figure 
3a to fill the grain boundaries and to generate compressive stress. By comparing it with 
non-interruption results at 9 mTorr, the stress development of this compressive stress was 
only delayed by the time of interruption, which means during the “pause” no structure 
changed.  
Figure 12 shows the AFM 3D images for different times of deposition. Matching the 
stress curves with previous VW mode’s interpretation of stress evolution, samples were 
prepared under 5 mTorr for (a): 1 minute, which was reaching the compressive maximum; 
(b): 10 minutes, which was during tensile stress generation; (c): 20 minutes, which was at 
the tensile maximum; and (d) 60 minutes, which was during tensile relaxation. Results 
were in agreement with Pletea’s observation[12]. The morphology of the stage before 
compressive maximum is showing isolated islands, which proves island formation model 
in a VW-mode. The image of 50 nm film thickness is presenting more islands formed 
next to each other, indicating that with films growing, more islands were forming and 
expanding until they impinged with neighboring ones to “zip up” and generate tensile 
stress. After 60 minutes growth with 300 nm thickness, larger sizes of columns are 
observed. The surface roughness of Figures 12 (a), (b), (c), and (d) is 0.864 nm, 0.913 nm, 
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0.520 nm and 0.924 nm, respectively. Based on the results, the roughness at both stress 
maxima (compressive and tensile) are lower than during either the compressive to tensile 
transition or tensile relaxation process. For the compressive maximum the smaller surface 
roughness can be due to extremely short height of islands in such short time deposition. 
Section analysis does show isolated islands sitting beside each other, which is consistent 
with the processes of discrete islands and island growth, which generates compressive 
stresses.  It is notable that surface roughness of the sample prepared for 20 minutes (Fig. 
12c) is only around 0.5 nanometers, which is even smaller than the roughness of isolated 
islands. It is a proof of the “zipping” process and at the end of it, height difference is 
being minimized, columns are formed and the film has a good smoothness. Coupled with 
the result of the average stress measurement, it can be concluded that during this stage 
copper sputter deposited growth is following the VW-mode. 
    X-ray diffraction results for samples grown under several different pressures were 
plotted in Figure. 13. They prove the crystalline structure of the films. Peaks were 
determined by matching up with Powder Diffraction File (PDF) of copper. The peak 
definition is in agreement with Chason’s results.[8] It doesn’t point to any obvious texture 
difference with pressure variation. 
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Fig. 9. (a): Plots of copper films average stress vs. thickness. All samples were 
sputter deposited with 40W power under different pressures. Graph (b) shows the 
average stress vs. thickness at early time (first 100 nm).  
(a) 
(b) 
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Fig. 11. Growth rate vs. argon pressure during copper deposition.  
Fig. 10. Average stress vs. time of copper sputter deposition at various pressures. The 
purple stars present the average stress of 5 mTorr when deposition stopped at 60 
minutes. The blue triangles show the stress trend of 9 mTorr when deposition 
stopped at 15 minutes and restarted at 35 minutes. The red squares are the average 
stress of 11 mTorr when deposition stopped at 20 minutes.  
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    Fig. 13. XRD spectra of the Cu films as a normal theta-2theta function. 
(a) (b) 
Fig. 12. Atomic force microscopy 3D images of 5 mTorr samples prepared grown for (a) 5 nm 
in 1 minute, (b) 50 nm in 10 minutes, (c) 100 nm in 20 minutes and (d) 300 nm in 60 minutes. 
(a) 
(c) (d) 
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    Scanning electron micrographs of the surface morphology for the copper films 
grown by sputter deposition are presented in Fig. 14. All longer-time (Fig. 14b, c and d) 
deposition samples exhibit a cracked surface morphology, indicating high residual 
stresses. Cracks do not appear on early-time deposition (Fig. 14a) which is still in the 
stage of tensile development. The different size of cracks in Fig. 13a and b gives 
evidence of tensile relaxation processes. Based on Fig. 9a, films grown at lower pressure 
have a longer time of tensile relaxation than those grown at higher pressures, making 
Fig. 14. Scanning electron micrographs of surface morphology for copper sputter 
deposition under conditions of: (a) 5 mTorr, 40 watts and 10 minutes (50 nm); (b) 
5 mTorr, 40 watts and 60 minutes (300 nm); (c) 5 mTorr, 80 watts and 60 minutes 
(455 nm); and (d) 10 mTorr 40 watts and 60 minutes (130 nm). 
(a) (c) 
(b) (d) 
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surface diffusion equilibrium balance [2] easier to establish. It was seen on AFM that 
roughness at tensile relaxation stage was higher than tensile development stage. The 
surface morphology of samples grown under different powers (Fig. 14b and c) showed 
different results in some way from those of Chason,[8] which cracks were only found at 
lower pressures. In this study, larger particles and denser microstructure were observed 
under higher power as well, but cracks are present for both conditions. It should be noted 
that in this work, lower growth rate could account for more changes in morphology when 
comparing Figures 14b, c and d. Also it could be possible that due to increased thickness, 
surface morphology is easier to be seen by microscopy.  
3.1.2 Silicon Sputtered on Silicon 
   Results from MOSS measurement during silicon sputter deposition are shown in Fig. 
15. Curvatures were changing with time, but all remained positive, which means tensile 
stress developed during deposition. Figure 16 shows the average stress evolution. In the 
initial stage of deposition, though the situation is complex, stress changes from tensile to 
compressive with decreasing pressure in general. This trend is in agreement with the 
previous copper deposition, with the difference that for room temperature deposition the 
silicon is amorphous instead of crystalline. The stress trend, on the other hand is quite 
different in that most of the samples were following a tensile then compressive path, 
missing a compressive stage at the very beginning when comparing with what happens in 
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typical VW growth. Results of comparison between 5 mTorr, 10 mTorr and 15 mTorr 
under 20 watts didn’t show a clear relationship between stress development and 
deposition pressures. The observation reveals similar results from Pletea’s previous 
work,[12] that in a certain range of pressures, the stress magnitudes were in the middle of 
those in lower and higher pressures, which indicating that tensile stress in the film was 
not increasing linearly with argon pressure. For different sputtering power, tensile 
maxima increased under higher power, but lower growth rates.  
 
Figure 17 presents a plot of growth rate vs. argon pressure for silicon deposition. 
The growth rate reached its highest value at 10 mTorr and decreased both at 5 mTorr and 
Fig. 15. Curvature development vs. Time in silicon deposition of different pressures. 
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15 mTorr. The general understanding of sputtering is that at higher pressure, too many 
collisions would prevent the ionization of the sputter plasma; in lower pressure, on the 
other hand, there are fewer Ar ions to bombard the target. From the observation of 
experiment results, drastic change of growth rate from 10 mTorr to 5 mTorr comparing 
with minor variation from 10 mTorr to 15 mTorr indicating that the amount of Ar ions 
might be taking a primary effect of amorphous silicon deposition.  
Figure 18 shows the top-view SEM images of the deposited silicon samples.  Clear 
columns of average size of 100 nm were observed in the sample grown at 10 mTorr with 
20 watts (Fig. 18b). From (b) and (d), boundaries between columns were smaller with 
increased power. Results are in agreement with Chason’s previous work[8], which found 
that for higher power, the surface morphology of the sample presented a very dense 
microstructure with large particles. X-ray diffraction patterns of the silicon films were 
made but no peak was observed. This also gives evidence that the film is amorphous, 
rather than crystalline. 
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 Power 
(watt) 
Thickness 
(nm) 
Deposition 
time (minute) 
Growth rate 
(nm/s) 
5 mTorr 20 142.5 360 0.0066 
10 mTorr 20 370.2 360 0.0171 
10 mTorr 40 204 240 0.0142 
15 mTorr 20 358.3 360 0.0166 
Table 2. Table of power, thickness, deposition time and growth rate at different pressures in 
silicon deposition. 
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Fig. 16. (a): Plots of silicon films’ average stress vs. thickness under conditions of 
different growth pressures and power. All samples were sputter deposited at 20 
watts for 6 hours. The sample prepared under 40 watts was deposited for 4 hours. 
Graph (b) shows the average stress vs. thickness at early time (first 50 nm). 
(a
(b
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Fig. 17. Growth rate vs. argon pressure of silicon deposition. 
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(a) 
(b) 
(c) 
(d) 
Fig. 18. Scanning electron micrographs of surface morphology for silicon sputter deposition 
under conditions of: (a) 5 mTorr 20 watts; (b) 10 mTorr 20 watts; (c) 15 mTorr 20 watts; 
and (d) 10 mTorr 40 watts.  
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3.2 Acoustic Emission Measurements 
 
AE experiments were done under 6 mTorr and 40 watts sputter deposition power with a 
copper target. Fig. 19. and Fig. 20. are screen shots from the AE operating software 
(AEwin for USB, Mistras Group, USA) during the experiment. The AE detector 
threshold was set to 35 dB. All the hits with higher amplitude than 35 dB would be 
detected. The total hits during deposition were 9551. In the one second recording, several 
hits with different amplitudes may occur. The AE absolute energy vs. time and hits vs. 
time were recorded. Voltage vs. time is basically the AE wave of each hit. It varies from 
one hit to another. In the graph shown, it was the last hit during the deposition process. 
Fig. 19. Screen shot from AE software. Top image shows the absolute energy vs. time. 
Bottom left shows the acoustic wave in each hit. Bottom right shows the hits vs. time. 
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Based on the observation of energy and hits graphs, the number of AE events was small 
at the very beginning of the deposition, then the number went up rapidly along with 
increasing total energy. After 15 minutes, both the hit rate and the energy decreased. The 
time scale matches with the previous stress measurements, in which the maximum tensile 
stress was seen at around 15 minutes then relaxed down towards zero. 
 
    The model in this study is that acoustic waves generated and travelled through the 
film when there’s sudden local stress release in the film. Observation of real time stress 
generation and relaxation can be achieved by monitoring the number of AE events 
increasing and decreasing with time. It’s a continuous process according to the shape of 
waves detected during the experiments. It means there’s no single crack or deformation 
that can generate a large single “burst” type of acoustic waves. In contrast in Fig. 20, 
Fig. 20. Screen shot from AE software. It presents the “burst type” of acoustic waves.  
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burst type acoustic waves were detected. It was observed that way because a grounding 
issue of the chamber made it receives several electrical signals per second. To solve the 
problem, PTFE tape was used instead of screws on the top flange to electrically isolate 
the acoustic system from the chamber. During the deposition, no “burst” type waves were 
seen. In order to eliminate the possibility that noise from the sputter source could be 
playing a role in the detected AE signal during deposition, an experiment was set up 
which covered the sensor-attached substrate with aluminum foils and then turned on the 
sputter gun. No signal was received by the AE system, which means all the signals 
observed during deposition were associated with stress development during thin film 
growth. 
3.3 AE Energy vs. Film Strain Energy 
    Based on the experiment of AE, certain AE energy signals were observed by the 
system. It is reasonable to connect the AE events with stress development by the way of 
thinking that during deposition, certain amounts of AE energies were detected from 
acoustic waves travelled through films and turned into electrical signals by the AE 
transducer, so that the electrical signal occurred with correlations of stress evolution. 
    To investigate the relationship between strain energy and AE signal, the film’s 
evolving strain energy U(t) was calculated by the equation: 
(( ) =
1
2
' × ) × (* ×  )
( − +)
	( ) 
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    Where ' and ) are the length and the width of the film, respectively. * is the 
film’s growth rate, measured by cross-section SEM, and   is the deposition time.  is 
Young’s modulus and + is Poisson’s ratio. 	( ) is the stress magnitude. For this we 
use the average stress magnitude that was measured before by wafer curvature, evolving 
as a function of time also. 
    Figure. 21(a) shows a comparison between film strain energy (red) and AE energy 
(blue) under 6 mTorr 40 watts copper sputter deposition. AE energy was time binned to 
show the sum of every 30 seconds, the same scale of stress measurement. The maximum 
AE energy was around 63 attojoules, which was 6.3 × 10-17 joules. It is noted that 
although later time AE signals and strain energy were not completely same, early time 
signals (around 10 nm) that is around compressive maximum were nearly completely 
matching the shape of strain energy changing. Figure. 21(b) presents another similar 
experiment of copper deposition with higher pressure, which is at 11 mTorr with 40 watts. 
Comparing it with results of 6 mTorr, both strain energy and AE energy decreased. The 
presumption of why there is much lower AE energy is that with much smaller growth rate 
films have less strain energy based on (( ) calculation. The relatively small film strain 
energy under these growth conditions might be reaching the AE system’s lowest limit to 
detect a certain strength of each acoustic wave. Both graphs, when generating 
compressive stresses, give a clearly similar shape at early times of deposition, indicating 
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that there were acoustic waves generated when islands were forming and expanding. AE 
energy shows an increasing trend along with tensile stress development. During the 
tensile relaxation process, AE signal weakened due to less strain energy in the film. We 
conclude that the overall trend of AE during relaxation matches with the strain energy 
trend.  
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(a) 
(b) 
Fig. 21. Plots of AE energy and Strain energy vs. time at (a): 6 mTorr and (b): 11 
mTorr. 
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4 CONCLUSIONS 
Stress evolution during and after sputter deposition of Cu and correlation between 
growth rates with sputtering pressure has been studied. Growth rates decreased along 
with increasing argon pressure. Lower growth rates under sufficiently low argon pressure 
are believed to be true, but in this study the plasma cannot sustain under 4 mTorr. From 
higher power deposition experiment we conclude that with double power (from 40 watts 
to 80 watts), the growth rate increased 1.5 times (from 5 nm / min to 7.5 nm / min), rather 
than 2 times. 
Early-time surface morphologies of copper deposition were observed by AFM. 
Roughness analysis and section analysis of copper films surfaces at different stage 
indicated that surface evolution was following VW mode. The stages of nucleation of 
discrete islands and island growth were directly observed from AFM images; 
impingement and coalescence, percolation of the island array and boundary filling were 
deduced from 3D plots along with roughness evolution. Stress relaxation after deposition 
stopped was studied and we observed tensile relaxation immediately after deposition 
stopped at higher pressure that is during the stage of compressive stress generation after 
the tensile maximum. We also concluded that observing tensile relaxation depends on 
exactly when deposition is stopped.  
Results of stress development and relaxation of amorphous silicon deposition 
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showed a tensile-compressive trend during the film growth process. Under 20 watts 
power, the deposition rate was reaching maximum at 10 mTorr. Optimum pressure (such 
a pressure can sustain plasma) for maximum deposition rate under 20 watts RF mode 
sputtering is believed at around 10 mTorr. 
For the first time AE has been observed during film growth. Strong correlations 
between AE energy and strain energy during deposition were found. With less strain 
energy calculated, less AE energy were observed along with it. It might be a way of 
which stress development and relaxation can be observed by in-situ measurements in the 
future.  
Further stress evolution comparison under different power is needed to determine 
the variation of growth mechanism. Substrate temperature measurements during sputter 
deposition and the correlation between temperature and stress evolution can be 
discovered in the future. More works should be doing in the future to refine the AE 
sensors along with amplifiers to measure more accurate AE events during film growth. 
Wider range of capabilities in receiving acoustic signals is needed for AE systems to 
measure the stress relaxation after the deposition was stopped. Multi-AE sensor system 
may be a good way to apply on different positions of films to measure the stress 
evolution. Also AE experiment of silicon or other materials deposition is going to be 
done in the future. 
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5 APPENDICES 
5.1 Results from previous researchers 
 
Appendix 1. Results from Chason’s[8] work. Film stress vs. thickness plots at 100 watts 
sputtering power calculated using MOSS for copper samples sputtered at 0.3, 0.7 and 1.4 Pa. 
Insets present a magnified view of the film stress vs. thickness for the first 20 nm. 
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5.2 Screen shots of Section Analysis from AFM 
 
Appendix 2. Section analysis screen shot of Cu sputtered under 5 mTorr and 40 watts after 
1 minutes deposition (100 nm). 
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Appendix 3. Section analysis screen shot of Cu sputtered under 5 mTorr and 40 watts after 
20 minutes deposition (100 nm). 
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